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Synaptic depression at conventional synapses is usually caused by strong or prolonged stimuli, like tetanic
bursts of afferent fiber discharge at high frequencies. In this issue of Neuron, Dunn and Rieke report that, in
the retina, even theweakest stimuli, single photons, can lead to synaptic depression at ribbon-type synapses
and adaptation of neuronal output to ambient light levels.Sensory adaptation gives us our ability to
see across a wide range of lighting condi-
tions, from a starry night in the woods to
a sunny day at the beach. The light levels
in these environments can differ by 100
million-fold, and in order to see over this
range, our visual system must continually
adapt to maintain an appropriate level of
sensitivity. If sensitivity is too low, small
signals will be lost in the noise; whereas,
if sensitivity is too high, responses will sat-
urate and lose vital information. The retina
adjusts its overall sensitivity, in part, by
using two types of photoreceptor: rods
and cones. Rods are highly sensitive and
can respond to a single absorbed photon
within their integration time (300 ms),
making them most useful for that starry
night in the woods. Cones are relatively
insensitive and respond to hundreds or
thousands of absorbed photons within
their integration time (50 ms), making
them most useful for that sunny day at
the beach.
Even when vision depends solely on
rods, the retina must adapt over several
orders of magnitude, and one would like
to understand adaptation in terms of the
underlying cellular and synaptic mecha-
nisms. To what extent does adaptation
depend on intrinsic mechanisms within
the rods versus synaptic mechanisms
within retinal circuitry? By recording from
multiple cell types within the rod circuit,
Dunn and Rieke, in this issue of Neuron,
reveal the mechanism for adaptation at
extremely dim light levels. Adaptation
arose from depression at an excitatory
ribbon-type synapse in the rod circuitry
and could be evoked following a single-802 Neuron 57, March 27, 2008 ª2008 Elsevphoton response transmitted by one rod.
Surprisingly, the depression did not de-
pend on synaptic inhibition.
Figure 1 shows the rod circuitry: about
20 rods converge onto a single rod bipolar
cell, which then synapses onto an AII
amacrine cell (Bloomfield and Dacheux,
2001; Tsukamoto et al., 2001). The rods
release glutamate in the dark, and when
one rod absorbs a photon, its glutamate
release is temporarily reduced, and about
half the time this single-photon response
causes a postsynaptic response in the
rod bipolar cell. This 50% synaptic
transmission rate arises from a ‘‘thresh-
olding’’ at the rod/ rod bipolar cell syn-
apse (Field and Rieke, 2002; Berntson
et al., 2004). Rod outputs are noisy, and
the single-photon response of just one
rod would be impossible to discern after
simply averaging that rod along with 19
noisy rods. The rod bipolar cell solves
this problem by applying a threshold so
that only the largest rod photon re-
sponses drive a postsynaptic response.
The cost of this thresholding is the
50% loss in photon responses, but the
benefit is the removal of noise from
the rods that do not carry a signal.
Other notable features of the rod circuit
are the ‘‘sign reversal’’ at the first synapse
and the ultimate division of the rod re-
sponse into the retina’s parallel ON and
OFF pathways. Rods hyperpolarize to
light, but rod bipolar cells depolarize to
light because of the metabotropic gluta-
mate receptors (mGluR6) on their den-
drites (Bloomfield and Dacheux, 2001).
The mGluR6 receptor signals through an
unresolved cascade to close an unidenti-ier Inc.fied cation channel, and in the dark, al-
most all of these channels are closed
(Sampath and Rieke, 2004). The drop in
rod glutamate release, driven by the ab-
sorbed photon, removes glutamate from
the rod bipolar cell’s mGluR6 receptor,
causing some cation channels to open
and the cell to depolarize, thus generating
an ‘‘ON’’ response (i.e., depolarization to
light onset). About 25 rod bipolar cells
converge to excite a type of interneuron,
the AII amacrine cell, which inherits the
rod bipolar cell’s ON response. There
are 30 types of amacrine cells in the
mammalian retina, but the AII cell is the
only one to receive a synapse from the rod
bipolar cell and transfer this signal to the
ganglion cells whose axons form the optic
nerve (Bloomfield and Dacheux, 2001;
Wa¨ssle, 2004).
Ultimately, the retina uses both ON and
OFF ganglion cell pathways, and the rod
signals are transmitted to these pathways
by two types of synaptic output from the
AII cell (Bloomfield and Dacheux, 2001).
The AII processes farthest from the rods
make excitatory gap junctions with ON
cone bipolar cells, which in turn excite
ON ganglion cells; whereas the AII pro-
cesses closest to the rodsmake inhibitory
glycinergic synapses with OFF cone
bipolar terminals and OFF ganglion cell
dendrites (see Figure 1). In this way, rod
signals appropriately depolarize ON gan-
glion cells when light turns on and depo-
larize OFF ganglion cells when light turns
off—a clever circuit design indeed!
The rod circuit was elucidated long ago,
but what has not been well understood
until now is how rod vision adapts at low
Neuron
Previewslight levels where each rod
experiences only one ab-
sorbed photon (i.e., one iso-
merized rhodopsin molecule,
Rh*) per second (Bloomfield
and Dacheux, 2001). At this
background, each rod experi-
ences <1 Rh* within its inte-
gration time (300 ms), and
therefore adaptation cannot
arise within the rod itself.
Previous work suggested
that adaptation occurs some-
where between the rod bipo-
lar cell and the AII amacrine
cell (Dunn et al., 2006). In the
present study, a rod bipolar
cell was depolarized by cur-
rent injection to evoke a
synaptic response in a post-
synaptic AII cell. Compared
to the synaptic response
evoked in the dark, the re-
sponse evoked in the pres-
ence of a background light
(1 Rh*/rod/s) was attenuated
2-fold. However, the attenu-
ation did not occur if the
rod bipolar cell’s voltage was
clamped and not allowed to
change when the background
light turned on. Thus, adapta-
tion occurs at the rod bipolar
cell level.
Another insightful experi-
ment used a paired-flash par-
adigm. A pair of light flashes
were presented with varying
interflash intervals; depres-
sion is measured when the
second flash response is
smaller than the first. The rod
bipolar cell voltage response is graded
with light intensity (Euler and Masland,
2000; Bloomfield and Dacheux, 2001),
and it did not show paired-flash depres-
sion. However, the postsynaptic excit-
atory response in the AII cell did show de-
pression (see Figure 1). Thus, depression
occurred at the synapse between the
rod bipolar cell and the AII cell, as long
as the second pulse followed the first
pulse by <200 ms. There are feedback in-
hibitory synapses onto the rod bipolar ter-
minal (Bloomfield and Dacheux, 2001),
but these were apparently not involved
in the depression, because depression
persisted after blocking inhibitory recep-
tors. The depression was also not ex-
plained by saturation or desensitization
at the AII cell’s glutamate receptors, be-
cause the depression was similar in the
presence of both weak and strong recep-
tor antagonists. Thus, the depression was
explained by a decrease in glutamate re-
lease from the rod bipolar cell caused by
the history of glutamate release over the
previous 200 ms.
From the depression shown in the
paired-flash experiment, one can predict
the adaptation to a background light. A
background light is, after all, a series of
photons—which can be described as
multiple ‘‘pairs’’—presented at some
average rate. The rod circuit
adapts at a background of
0.5 Rh*/rod/s (Dunn et al.,
2006). Given the 2-fold loss
in effective photon responses
at the rod/ rod bipolar cell
synapse and the 20 / 1
convergence onto the rod
bipolar cell, this background
corresponds to (0.5/2) 3 20 =
5 Rh*effective/rod bipolar/s.
Given the integration time of
the rod bipolar cell (200
ms), this background corre-
sponds to 1 Rh*effective/rod
bipolar/integration time. In
other words, as long as an
effective photon response
occurs once per integration
time, the rod bipolar cell’s
output remains persistently
depressed (i.e., adapted).
Thus, adaptation to back-
ground light can be driven by
single effective photon re-
sponses, a surprisingly ele-
mentary signal for driving
adaptation. Experiments by
Dunn and Rieke showed that
adaptation to a background
light (1 Rh*/rod/s) could arise
by the same mechanism that
drove paired-flash depres-
sion.
There is one downside to
adapting to single-photon re-
sponses. If a constant light
source is turned on, photons
will arrive at a constant aver-
age rate, but the arrival times
of individual photons will be
irregular. Thus, for the back-
ground of 1 Rh*/rod/s, the depression at
the rod bipolar synapse will fluctuate,
causing the adaptation state to fluctuate
(see Figure 7 of Dunn and Rieke, this
issue). However, this noisiness in adapta-
tion state may be a reasonable tradeoff
given the requirements of the visual sys-
tem. As the authors note, the system
wants to avoid adapting to fluctuating sig-
nals that might represent noise, and so
there is a drive to use an adaptive mecha-
nism that averages over space and time.
On the other hand, too much averaging
could be detrimental for setting the sensi-
tivity of individual cells at a particular point
in time. Furthermore, eye movements
Figure 1. The Rod Circuit and Short-Term Plasticity in the Retina
(A) Rod circuitry. Rod photoreceptors synapse onto rod bipolar cells (rbc),
which in turn synapse onto AII amacrine cells. At low light levels (1 Rh*/rod/s)
adaptation arises from synaptic depression at the rod bipolar cell terminal.
The depression can be evoked following the absorption of one photon from
a single rod.
(B) Paired-pulse depression. A pair of dim flashes produces hyperpolarizing
responses in rod membrane potential (Vm). At the levels used by Dunn and
Rieke, each flash evokes 1 Rh* per 4 to 14 rods, and thus a given rod would
typically respond to only one of the two flashes. Each rod’s hyperpolarizing re-
sponse is large enough, relative to some threshold (dashed line), that the cor-
responding decrease in glutamate release would evoke a postsynaptic depo-
larizing response in a rod bipolar cell (which express mGluR6 receptors). The
rod bipolar cell depolarizes identically to each flash; the second response
adds to the first (red dashed line) and so reaches a higher peak than the first.
The AII amacrine cell responds to the second flash with a depressed response
caused by reduced glutamate release from the rod bipolar cell. Two flashes
of dim light can thus produce synaptic depression in a dark-adapted retinal
circuit tuned for high sensitivity to light.Neuron 57, March 27, 2008 ª2008 Elsevier Inc. 803
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and this behavior may determine a useful
temporal scale for adaptation. Thus,
adapting to single photons in a dim envi-
ronment, for 200 ms at the rod bipolar
terminal, may represent the tradeoff be-
tween adapting locally in time and space
while permitting some instability in the
adapting signal.
The study by Dunn and Rieke localized
the site of adaptation and the general
mechanism (synaptic depression), but
the cause of the depression remains un-
certain. Why exactly is glutamate release
depressed for 200 ms following a previ-
ous release event? Other studies exam-
ined this synapse in terms of paired-pulse
depression, by either simultaneous volt-
age-clamp recordings from a bipolar cell
and a postsynaptic cell or by monitoring
bipolar cell exocytosis with capacitance
measurements. These studies suggested
several possible mechanisms for paired-
pulse synaptic depression, including ves-
icle pool depletion, Ca current inhibition,
and negative autofeedback at the bipolar
cell terminal (von Gersdorff et al., 1998;
Burrone and Lagnado, 2000; Singer and
Diamond, 2006). However, several differ-
ences exist between the conditions of
these previous studies and those for the
light-evoked measurements. Further
work will be required to make a direct
link between the mechanism for synaptic
depression at the rod bipolar terminalAll Asleep—But In
Johannes J. Letzkus1,2,* and Greg J. St
1Division of Neuroscience, John Curtin Schoo
2Present address: Friedrich Miescher Institute
*Correspondence: greg.stuart@anu.edu.au (G
DOI 10.1016/j.neuron.2008.03.010
Depending on the arousal state, ne
information processing in the brain
of inhibition by oscillatory pattern
neurons in a state-dependent fashi
Why is waking up, especially early in the
morning and prompted by an alarm clock,
often so difficult? One reason maybe that
804 Neuron 57, March 27, 2008 ª2008 Elseand the adaptation shown here by Dunn
and Rieke (2008).
A further mystery is the purpose of syn-
aptic inhibition in the retina and what roles
inhibition plays in visual adaptation. As
mentioned above, there are 30 types
of amacrine cells in the retina, most of
which are inhibitory and release either
GABA or glycine, sometimes directly to
the bipolar cell terminal (Wa¨ssle, 2004).
However, many forms of adaptation
seem to persist in the absence of ama-
crine cell signaling. The synaptic depres-
sion in the Dunn and Rieke study is one
example. As light level increases, back-
ground adaptation in the cone circuitry
switches between a mechanism at the
cone bipolar cell terminal to a mechanism
within the cones themselves, but neither
mechanism required synaptic inhibition
(Dunn et al., 2007). In addition to adapting
to the mean intensity, the retina adapts to
contrast or the deviations in light intensity
relative to the mean. There are both slow
and fast forms of contrast adaptation,
but neither of these seems to depend crit-
ically on synaptic inhibition (Manookin
and Demb, 2006; Beaudoin et al., 2007).
Thus, multiple mechanisms for visual ad-
aptation appear to arise from mecha-
nisms at the bipolar cell terminal. How
these multiple forms of adaptation could
be expressed, in some cases, in the
same bipolar cell will be an interesting
topic for future study.hibition Is Wide Aw
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the transition from sleep to wakefulness
requires drastic changes in the modus
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